Background: Promoting post-stroke neurogenesis has long been proposed to be a therapeutic strategy for the enhancement of functional recovery after cerebral ischemic stroke. Despite numerous approaches have been widely reported the proliferation or differentiation of the neurogenic population therapeutic strategies by targeting adult neurogenesis not yet to be successfully clarified in clinical settings. Here, we hypothesized that alterations in microenvironment of the ischemic brain might impede the functional maturation of adult newly generated neurons that limits functional recovery after stroke.
Introduction
Ischemic stroke is one of the leading life-threatening neuropathology, which causes millions of deaths and long-term disability worldwide. Except of thrombolytic agent: recombinant tissue plasminogen activator (rt-PA) for the removal of thrombus at the acute phase of ischemic challenge, there is no other established treatment to reduce the neurological deficits caused by ischemic stroke. Therefore, there is an urgent need to develop innovative and efficient therapeutic strategies toward promoting functional recovery after hypoxia challenge. Despite several considerations that enhance neurogenesis after ischemic stroke have been widely investigated [1] [2] [3] , however, so far such therapeutic approaches have yet led to successful clinical outcomes.
Adult neurogenesis was conventionally believed to take place only during embryonic development in mammals [4] . Only recently has it become generally accepted that new neurons are continuously produced in isolated regions of the adult mammalian CNS that it actively occur throughout the whole life in the subventricular zone and the subgranular zone of the dentate gyrus in the hippocampus [5] [6] [7] . Through a dedicated maturation process, these newly generated neurons gradually integrated into the existing neural circuitry and actively contribute to critical roles in certain cognitive functions, such as spatial memory storage and actions of antidepressants in the adult brain [8, 9] .
As a potential hope for the treatment of stroke, numerous studies have examined the functional significance of adult neurogenesis on post-stroke neurological performance. It has been reported that ablating adult neurogenesis results in impaired functional recovery and exacerbation of neurological deficits which indicated a positive therapeutic potential for the newly generated neurons in the repair of the damaged brain [10, 11] . On the contrary, controversial evidence showing that increase in the number of adult newly generated neurons by voluntary running or pharmacological stimulator of neurogenesis after stroke exacerbated individual severity in cognitive impairment [12] , which suggested an adverse impact of these newly generated neurons. Based on this previous controversial evidence, we raised the hypothesis that the microenvironment of the brain might not be suitable for the proper functional maturation of the newly generating neurons after stroke. And the aberrant growing of these newly generating neurons might impede the functional recovery of the brain after hypoxic challenge. Although few pioneering studies have provided evidences showing the changes in morphology of newborn neurons after MCAO [13, 14] , these reports are merely focused on a single time point without detail analyses along the maturation process of these newly generating cells. Besides, the extent and duration of the deleterious influence of a hypoxic event on the proper growing of these cells have yet been checked carefully. More importantly, the possible pathological mechanisms and therapeutic strategy for targeting of these aberrant cells for promoting functional recovery after hypoxic challenge are still largely unknown.
As the major cytoskeletal component of neurites, proper elaboration of dendritic arborization depends on microtubules for functional and structural support [15] . Microtubules are cylindrical cytoskeletal structures, which undergo a dynamic process of assembly and disassembly that control the flexible cell shape remodeling, cell motility, tubulin stability and terminal branching of dendritic arborization in neurons. It has reported that reversible acetylation on Lys40 of α-tubulin marks stabilized microtubule structures and has been found to be crucial in regulating of microtubule dynamics [16] . HDAC6 (histone deacetylase 6) which is the major cytoplasmic α-tubulin deacetylase [17] , regulates the dynamic flexibility of the microtubules through the enzymatic deacetylation ofα-tubulin in assembled microtubules. Accumulating evidence indicated that HDAC6 dysfunction leads to hyper-acetylation of α-tubulin that impedes the dynamic structural remodeling of microtubules.
Here in our current study, through the application of in vivo retroviral based labeling approach to directly birth-date and comprehensively evaluate the maturation process of adult neurogenesis after hypoxic challenge provide evidence showing a long lasting deleterious influence of hypoxia on dendritic maturation of adult neurogenesis. Meanwhile, the aberrant nuclear translocation of HDAC6 and the loss in microtubule dynamic regulation contributes to the observed phenotypes. Pharmacological and genetic experiments further emphasized the requirement of HDAC6 in rehabilitation therapy induced therapeutic benefits after stroke.
Material and methods

Materials
ACY-738 was purchased from Selleckchem (Houston, TX, USA) and prepared as stock solution with the concentration of 50 mg/ml by DMSO. Tubastatin A was obtained from Cayman Chemical (Ann Arbor, MI, USA) and prepared as stock solution with the concentration of 10 mg/ml by DMSO. The stocks were further diluted by 0.9% saline solution before injection in the animals. DAPI, Dimethyl sulfoxide (DMSO) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies against Acetyl-α-Tubulin at Lys40 (mAb 5335) and anti-α-Tubulin (mAb 3873) were purchased from Cell Signaling (Beverly, MA, USA). HDAC6 antibody (H-300) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA), β-actin antibody (MA5-11869) was purchased from Thermo Fisher Scientific.
Animals
Animal experiments were conducted using six to ten week-old C57BL/6 mice of both sexes (BioLASCO, Taipei, Taiwan). All the experimental procedures for animal handling or surgeries were approved by the Institutional Animal Care and Use Committee (IACUC) of Taipei Medical University (TMU) and were in accordance with the guide for the Care and Use of Laboratory Animals. All animals were reared in a temperature-controlled environment maintained on a 12 h light/dark cycle.
Middle cerebral artery occlusion (MCAO) surgery in mice
The protocol of MCAO surgery for mice is basically conformed to the Guide for the Care and Use of Laboratory Animals (NIH publication no. 1996) and was approved by IACUC of TMU. For the MCAO surgery, mice were anesthetized with a mixture containing 75% air and 3% isoflurane maintained in 25% of oxygen. Mice were placed on a 37°C heating pad throughout and after the surgery for another two hour for maintaining the body temperature at 37°C ± 0.5°C. For the procedure of transient MCAO, the right common carotid artery (CCA) was exposed and a 6-0 monofilament nylon suture (20 mm) coated with silicon (3 mm) was inserted from the external to the internal carotid artery until the tip occluded the right middle cerebral artery (MCA) which is approximately 10 mm from the surgical incision site [18] . Then, the filament suture was kept for the occlusion of MCA for thirty-or sixty-minutes and then gently withdrawal to regain the blood reperfusion for the mice.
Construction, production, and stereotaxic injection of engineered retroviruses
High titers of engineered self-inactivating murine retroviruses (1 × 10 9 unit/ml) expressing green fluorescent proteins (GFP) were produced for the labeling and trace the newly generated neurons in the adult dentate gyrus. To obtain a more stable and reliable expression of the GFP protein for the visualization of dendritic morphology, the green fluorescent protein expression plasmid was constructed under the control of ubiquitin promoter. And a retroviral vector with β-actin fused GFP was also constructed for experiments with morphological analyses of dendritic spines in vivo for the better visualize of the detail structure of the protrusions. For the experiments with genetic silencing of HDAC6 cell autonomously in the newly generated neurons, two validated (short-hairpin RNAs) shRNA that genetic silencing of HDAC6 [19] and one control shRNA (shDsRed) were constructed into the retroviral vector. The targeting sequences the silencing of HDAC6 is GCACAATCT TATGGATGGGTA for shHDAC6-a and CCTTGCTGG TGGCCGTATTAT for shHDAC6-b. Retroviral particles were prepared by co-transfection of the viral expression plasmid along with the helper plasmid into the HEK-293 cells. And then medium was collected at 48 h after transfection for the ultracentrifugation to concentrate the recombinant pseudo-viral particles [20] . The concentrated retroviruses were stereotaxically injected at four sites in the dentate gyrus (0.5 μl per site at a speed of 0.25 μl / min) with the following coordinates: anterioposterior = − 2 mm from bregma; mediolateral = ± 1.6 mm and dorsoventral = 2.5 mm; anterioposterior = − 3 mm from bregma; mediolateral = ± 2.6 mm and dorsoventral = 3.2 mm. To avoid the back flow of the viral solution, the injection needle was kept in place at the site of injection for an additional 5 min before being slowly removed.
Tissue sectioning, imaging, and quantification
Mice were deeply anesthetized with the air mixture containing 75% air and 5% isoflurane maintained in 25% of oxygen and perfused transcardially with phosphate-buffered solution followed by 4% formaldehyde. And then the brain was removed and incubated for fixation in 4% formaldehyde for one night and transferred to a 30% sucrose solution and stored at 4°C until sectioning. Coronal brain sections in 60 μm were prepared by the sliding Microtome (Leica, Nussloch, Germany) and the sections containing the entire the hippocampal dentate gyrus were used for the imaging. The sections were washed three times with phosphate-buffered solution and then incubated with 0.1 μg/ml of 4′,6-diamidino-2-phenylindole (DAPI) in PBS solution for the counterstaining of the granular cell layer of the dentate gyrus. And then the slices were mounted and covered with the mounting solution (Vector Laboratories) on a glass coverslip. Images were obtained under the Leica TCS SP5 confocal spectral microscope imaging system by using an argon or krypton laser through the 40x, 1.40 NA oil immersion objective (Mannheim, Germany). Three-dimensional reconstructions of the dendritic morphology of the newly generated neurons were processed by the software Imaris and further analyzed for the total dendritic length or the number of branches of individual neurons by the Neuron J plugin of the software Image J (NIH, USA).
Rehabilitation therapy
Since the upper limb disability is a common problem in post-stroke patients, the task-specific training is regarded as the most reliable rehabilitation therapy in clinic. But the therapeutic benefits of neurorehabilitation training usually does not generalize to neurological improvement other than the ones trained, so we applied a protocol with the combination of both task-specific motor rehabilitation therapy with cognitive intensive stimulus of environmental enrichment. For the task-specific forelimb rehabilitation training, the mice were trained to reach and grasp for a sucrose pellet placed outside the home cage at a specified distance. After the animals got familiar with the testing environment, the sucrose pellet was moved to the left side which forced the animals to use the right (later been affected by stroke) forelimb to retrieve the sucrose pellet. After five days of habitation training, most of the animals could learn the motor task and reach a plateau performance in more than 50% of the trials. And then, animals were conducted with the MCAO surgery and received the rehabilitation therapy at seven days after hypoxic challenge. During the rehabilitation therapy, mice were given 50 training trials per day for two weeks. Meanwhile, the cognitive intensive stimulus of environmental enrichment of the home cage was combined in our protocol of rehabilitation therapy to provide synergistic functional recovery of the brain. Basically, the animals were provided with sensory stimulatory toys or novel objects in different shape during the two week period of rehabilitative training, and we randomly changed the novel objects every two days to make sure the high levels of cognitive and sensory stimulation of our rehabilitation treatment.
Behavioral analyses-adhesive tape removal test
For the sticky tape test, two strips of tape (3 × 4 mm) with the shape in rectangular were applied with equal pressure on the hairless part of both forepaws. The time for the animals spent to contact (reflect of sensory function) and remove (reflect the motor performance) the tape on both forepaws (left and right) was recorded. The animals were given three days habituation training (two training trial per day) before the MCAO surgery and then measured their time-to-contact and the time-to-remove the tapes at different time points after the MCAO surgery. A maximum duration of 120 s was given for the mouse to conduct the adhesive removal test.
Behavioral analyses-object location memory task
The experimental apparatus for OLM test was composed of a white-color box with 40 × 40 × 40 cm 3 in its size and placed in the dimmed light-illuminated room. The animals was given a ten-minute habitation phase to explore the box without any testing objects before the experiments, and different visual cues were attached on the walls of the testing apparatus to provide contextual guiding information. During the training phase, the testing mouse was placed in the testing apparatus and was allowed to explore two identical objects located at two diagonal corners for ten minutes and returned to their home cage. Thirty-minutes later, the testing mouse was placed in the testing apparatus with one of the object been repositioned to another corner of the box. The testing phase consisted of five minutes exploration of the two objects, and the time spent in exploring each object was recorded using a digital video camera and scoring for the preference for the repositioned object by the behavioral tracking system Ethovision XT (Noldus). A discrimination index was calculated by the formula of [time spent on the object in novel location / (time spent on the object in novel location + time spent on the object in familiar location)] × 100% to reflect the cognitive performance.
Behavioral analyses-Rotarod activity test
Before the evaluation of motor coordination by the rotarod test, mice were first trained daily for a consecutive three days for the habituation of the task. Individual animal were trained to run on an accelerating rotating rod (speed up from 4 to 40 rpm over three minutes with increasing steps of 6 rpm every 30s). Before and at different time points (from one to twenty-eight days) after the MCAO surgery, the mice were placed on the rotarod and assessed for their body balance and motor coordination (UGO Basile, Varese, Italy) over a period of maximum five minutes. The time (in seconds) for each of the individual mouse fell from the drum will be recorded for up to 180 s through the automatic stopwatch.
Pharmacologic experiments with HDAC6 inhibitors
For the experiments with pharmacologic suppression of HDAC6, Tubastatin A (a highly selective HDAC6 inhibitor, 0.5 mg/kg) or ACY-738 (a HDAC6 inhibitor with high blood-brain-barrier permeability, 5 mg/kg) or vehicle solvent (0.9% saline solution) were intraperitoneally injected every two days for the mice. The changes in body weight of individual animals were recorded daily to make sure there is no acute drug related toxicity for the animals.
Immunoblotting
For the biochemical analyses of molecular events linked to changes in the adult newly generated neurons from the brain, we first micro-dissected the granule cell layer of the dentate gyrus where the active neurogenesis take place in the adult brain. A population of mice were given the transient MCAO surgery, and sacrificed at different time points after the MCAO. Coronal brain sections at 1 mm thickness which contained the hippocampal dentate gyrus were prepared and the granule cell layer of the dentate gyrus was surgically dissected under the dissecting microscope. Tissues were homogenized and sonicated in an ice-cold Tris-HCl lysis buffer solution, pH 7.4, containing a mixture of protein phosphatase and proteinase inhibitors and centrifuged at 12, 000×g for 20 min at 4°C. Samples of equal amounts of proteins were subjected to 8 or 10% SDS-PAGE, and the proteins were electro-transferred to the PVDF membranes using a Bio-Rad semi dry transfer unit (Hercules, CA, USA). Then the membrane was blocked with 5% (w/v) non-fat milk in TBST (10 mM Tris-base, 100 mM NaCl, and 0.02% Tween 20) for an hour and probed with primary antibodies overnight at 4°C. The concentration of primary antibodies are used as: Acetyl-α-Tubulin and α-Tubulin (1:10000), β-actin (1:5000), HDAC6 (1:500) and Lamin B1 (1:1000). After extensive wash with TBST, the membranes were incubated with the appropriate HRP-linked secondary antibody. Then, the immunoreactive bands were visualized with enhanced chemiluminescent reagents (ECL, Amersham, UK) by the scientific imaging system (Biospectrum AC System, UVP) and analyzed by the plugins of Image J.
Separation of cytoplasmic and nuclear fractions
Twenty mg of micro-dissected tissue blocks were used for the isolation of cytoplasmic and nuclear fractions by using the NE-PER Extraction Reagents (Thermo Fisher Scientific, USA) according to the manufacturer's instructions. Tissue was first homogenized for the disruption of cell membrane and release of cytoplasmic contents, then the centrifuged pellets which contain the nuclei were further extracted to obtain the nuclear proteins. Lamin B1 and α-tubulin were used as internal controls for the nucleus and cytosol, respectively.
Statistical analysis
All the results are presented as means ± SEM. The significance of any difference between two groups was calculated using the two-tailed unpaired student t-test. The comparison between multiple groups of results were analyzed with one-way or two-way analyses of variance (ANOVAs) followed by Bonferroni's post hoc analyses for evaluating the significance between isolated groups. Correlation analyses between two parameters were performed using Pearson's correlation analysis. All the statistical analyses were performed using the software of Prism6 (GraphPad Software). Probability values of p < 0.05 were considered as significant differences.
Results
Retroviral labelling of newly generated neurons after MCAO
To visualize the maturation of adult newly generated neurons, a retroviral-based single cell labeling approach was used (Fig. 1a) . Besides, a thirty-minute MCAO was used to make sure the core lesion area is restricted just to the cortex without a direct traumatic damage of the hippocampal neurogenic area. Experimentally, six-week old C57BL/6 mice were challenged with transient MCAO surgery. One week later, retroviruses were stereotaxically injected into the dentate gyrus for labeling of the newly generating neurons born at one week after hypoxic challenge. And then, the animals were sacrificed at different time points after retroviral injection (7, 14, 21 or 28 days-post-injection (dpi) for a comprehensive visualization of the maturation of the newly generating neurons in the hypoxic brain (Fig. 1b) . High-resolution three-dimensional reconstructions of the neuronal morphology were imaged by laser scanning confocal microscopy for the evaluation of proper maturation of newly generating neurons at different precise developmental time points. Variety of morphological indexes including the migration of the neuronal soma, the total dendritic length, the complexity of dendritic tress were analyzed to reflect the neuronal maturation process.
By analyzing the relative distribution of the soma of individual newly generating neurons along the granular cell layer of the dentate gyrus (Fig. 1c) , we first analyzed the migratory phenotypes of these newly generated neurons in the hypoxic brain. After generating from the neurogenic niche along the edge of the hilus, newly generating neurons start migrating and distributed gradually along the granular cell layer. We found the newly generated neurons grow in the brain of sham-operated control animals migrated gradually from inner granular cell layer to the outer regions at different time points after labeling (Fig. 1 , c-d 7 dpi: 15.65 ± 0.9747%, 14 dpi: 22.52 ± 1.172%, 21 dpi: 33.73 ± 2.651%, 28 dpi: 34.9 ± 1.433%). When compared with the neurons grow in sham-operated animals, we found the newly generated neurons grow in the hypoxic brain displayed similar migratory behaviors along the granular cell layer at different time points after labeling ( Fig. 1c-d, 7 dpi: 16.43 ± 0.638%, 14 dpi: 20.31 ± 1.526%, 21 dpi: 33.84 ± 2.177%, 28 dpi: 35.61 ± 2.719% for MCAO group). And, there is no significant difference in the migratory phenotypes of these newly generated neurons between two groups along the developmental time points we tested.
Aberrant maturation of newly generated neurons in the hippocampus after MCAO As the proper elaboration of dendritic branching is crucial for the new neurons to integrate into the existing circuits and receive input information, we then examined if the proper elaboration of dendritic trees might be affected after the MCAO surgery. We found the newly generating neurons radially extend their dendrites and form complex branching of dendritic structures along the maturation process in both sham-operated or MCAO animals (Fig. 2a) . However, we found there is a significant (p < 0.05) reduction in the total dendritic length (Fig. 2b) and the number of dendritic branches (Fig. 2c) for the time points of 14, 21, and 28 dpi from MCAO group vs. sham-operated control for the newly generating neurons grow in the hypoxic brain. These data suggested that hypoxic challenge indeed impede the morphological maturation process of the newly generating neurons.
MCAO alters the maturation of dendritic spines of newborn neurons
Dendritic spines, the bulbous protrusions that serve as the connecting points between two neuronal cells, are the most prominent features to reflect functional maturation of the newly generated neurons. Next, we analyzed the morphology of the dendritic spines to see the impact of hypoxic challenge on the maturation process of the newly generating neurons. Retroviral particles expressing β-actin fused GFP were stereotaxically injected into the dentate gyrus one week after MCAO surgery (Fig. 3a) . And then animals were sacrificed at 14, 21 or 28 days after retroviral labeling for visualization of the dendritic protrusions (Fig. 3b) . We found an increasing number of protrusions and the width of individual protrusion of newly generating neurons along the maturation process in sham-operated control animals ( Fig. 3c-d) suggesting the functional maturation of these cells. However, the newly generated neurons grow in the hypoxic brain displayed significant (p < 0.05) reduction in the number of protrusions (Fig. 3c-d) and immature phenotypes of their protrusions width (Fig. 3c and e) for the time points of 21 and 28 dpi from MCAO group vs. sham-operated control. Together, through the in vivo retroviral based labeling approach to trace the maturation process of adult newly generated neurons after hypoxic challenge, we provide comprehensive evidence showing the aberrant maturation of newly generating neurons in the hippocampus after the hypoxic challenge.
Lasting deleterious impact of a single event of hypoxic challenge on the maturation of newly generating neurons Our findings of aberrant neuronal maturation in the ischemic brain raised another important question: how long would be the deleterious influence lasted after the experience of a single event of hypoxic challenge? To answer this, morphological maturation of newly generating neurons were examined by different intervals between the retroviral labeling of their birth with the exposure of hypoxic event (7-, 14-, 21-or 28-days post-stroke). Animals were sacrificed at fourteen days after retroviral injection (14 dpi) for the visualization of morphological maturation of these cells.
A significant reduction in the total dendritic length ( Fig. 4a and b , p< 0.05) and the number of dendritic branches ( Fig. 4a and c, p < 0.05) was noted in the neurons been labeled at 7, 14 and 21 days after MCAO surgery compared to time matched sham-operated control.
And there is no significant alterations in dendritic phenotypes for the newly generating neurons that born at 28 days after MCAO surgery (Fig. 4a-c, 28 + 14 group, dendritic length: sham, 312.2 ± 15.4 μm vs. MCAO, 275.9 ± 13.56 μm, p = 0.0877). These data suggested the deleterious impact of the experience of ischemic stroke on proper maturation of adult newly generated neurons can be lasted for at least three weeks (21 days) after the exposure of hypoxic event.
The dendritic maturation of the newly generated neurons functionally correlates with the therapeutic benefits of rehabilitation therapy Next, we examined if the rehabilitation therapy, which has long been applied for promoting functional recovery after ischemic stroke both in rodents and clinic [21, 22] , might reverse the aberrant dendritic maturation of these newly generated neurons. A significant impairment of multiple neurological function was observed in mice at one day after MCAO surgery, which is evidenced by a prolonged delay to remove the adhesive tape (a sensory Fig. 4 Lasting deleterious influence on dendritic maturation after hypoxic challenge. (a) Representative images of the retroviral labeled newly generated neurons born at different time points (7, 14, 21 or 28 days) after MCAO surgery and imaged for their dendritic elaboration at 14dpi. The scale bar is 25 μm. (b) Quantification of total dendritic length of individual 14 dpi newborn neurons born at 7, 14, 21 or 28 days after MCAO surgery. (c) Quantification of the number of dendritic branches from individual 14 dpi newborn neurons born at 7, 14, 21 or 28 days after MCAO surgery. Data are presented as mean ± SEM. n = 20 to 40 cells from four mice, two-tailed unpaired t-test. * p < 0.05 compared to sham-operated control. "ns" represents no significant and motor related task), impaired in object location memory task (an assay reflecting cognitive function) and poor motor coordination performance (indicator of motor function) on the rotarod task (No rehab group of animals , Fig 5a-c) . Such deficits in neurological performance recovered gradually weeks after the hypoxic challenge but still significantly poorer than the pre-stroke levels. Interestingly, a fourteen-day period of rehabilitation therapy (Rehab group of animals, Fig. 5a -c) applied between seven to twenty-one days after MCAO surgery significantly reverse multiple neurological deficits at twenty-eight days after the hypoxic challenge. These data indicated the effectiveness of our rehabilitation treatment.
Then we evaluate the efficacy of rehabilitation therapy in the reversal of aberrant dendritic maturation phenotypes of 14 dpi generating neurons. It is noted the rehabilitation protocol does not significantly alter the total dendritic length or the number of branches in control (sham-operated, Fig. 5d and e) animals. However, the two-week rehabilitating training significantly reversed the dendritic phenotypes after MCAO challenge ( Fig. 5d and e, dendritic length: MCAO-no rehab, 196.4 ± 17.14 μm vs. MCAO-Rehab, 279 ± 25.99 μm, p = 0.0418). Similar therapeutic benefits were also observed for the changes in the total number of dendritic branches (Fig. 5e, p < 0.05) .
Next, we analyzed whether normalization of the aberrant dendritic phenotype might be functionally correlated with the recovery-promoting outcome of rehabilitation therapy. By analyzing the total dendritic length from individual animals and correlate with their various parameters of neurological function after rehabilitation therapy, we found there is a trend of correlation between the dendritic phenotype with individual performance in adhesive removal task (Fig. 5f , r = − 0.4912, p = 0.1494). And there is a significant positive correlation between the dendritic phenotype with individual cognitive performance (Fig. 5g , r = 0.7465, p = 0.0131). Meanwhile, there is no significant correlation between the dendritic phenotype with the motor coordination dependent rotarod task (Fig. 5h , r = − 0.199, p = 0.581). These data indicated that the rehabilitation therapy can phenotypically reverse the aberrant maturation of newly generating neurons in the ischemic brain and its trophic impact on these generating neurons is functionally coupled to their therapeutic benefits in functional recovery of cognitive and partly the sensory function.
Together, our data demonstrate that the normalization of aberrant dendritic maturation of newly generating neurons in the hypoxic brain might functionally participate in the therapeutic benefits of rehabilitation therapy.
HDAC6 dysfunction pathologically causes aberrant dendritic maturation after hypoxic challenge Next, we investigate the possible pathological underlying mechanisms contribute to the observed morphological defects by the experience of ischemia. For the importance of microtubule dynamics in the formation of dendritic arborization, we first checked the marker of stabilized microtubule structures: the acetylation levels on Lys40 of α-tubulin after stroke.
Experimentally, we micro-dissected the granule cell layer of the dentate gyrus where the active neurogenesis take place for the biochemical analyses of samples from different time points after MCAO challenge. We found there is significant increase in acetylation of α-tubulin after stroke (Fig. 6a) , and the hyper-acetylation of α-tubulin significantly lasted for at least three weeks after the hypoxic event (Fig. 6b, p < 0 .05 for the time points of 5, 7, 10, 14 and 21 days after MCAO surgery vs. sham-operated control). Such prolonged increase in the marker of stabilized microtubule correlate with the time course of lasting deleterious impact in dendritic morphology of the newly generating neurons as shown in Fig. 4a-c suggested the potential role of over-stabilized microtubule structure in the pathology of retardation in dendritic maturation of these cells by hypoxic challenge.
HDAC6 is a class IIb deacetylase enzyme that catalyze the de-acetylation of both histone and non-histone protein substrates. HDAC6 is known to function as the major cytoplasmic α-tubulin deacetylase [17] , it deacetylates α-tubulin in assembled microtubules that modulate the dynamic flexibility of the microtubules. By analyzing the tissue collected at different time points after MCAO, we found there is no significant different in the protein levels of HDAC6. Since HDAC6 is capable of shuttling between the nucleus and the cytoplasm [23] which might affect modulate its function. We then tested if there might be an aberrant translocation of HDAC6 after the experience of hypoxia challenge; the cytosolic and nuclear fractions were isolated from the micro-dissected granule cell layer of the dentate gyrus at different time points after MCAO surgery. We found the expression of HDAC6 is predominant in cytosol of control animals, but it translocated substantially into the nucleus after stroke (Fig. 6c) . Such aberrant nuclear translocation of HDAC6 can be lasted for at least two weeks after the hypoxic event (Fig. 6d , p < 0.05 for the time points of 7 and 14 days after MCAO surgery vs. sham-operated control).
Together, the results collected from our biochemical analyses revealed that the aberrant nuclear distribution of HDAC6 after stroke limits its accessibility to its cytosolic substrates, including acetylated α-tubulin. The hyper-acetylation of α-tubulin in turn reduces the dynamic flexibility of microtubules that eventually cause lasting deleterious impact on dendritic maturation of the newly generated neurons (Fig. 6e) .
To further strength the functional significance of HDAC6 regulated cellular events in controlling the dendritic maturation of the newly generating neurons, the "mimicry" experiments with either pharmacological or genetic suppression of HDAC6 were designed ( Fig. 7a and e) . For the pharmacological suppression of HDAC6, retroviruses expressing GFP were stereotaxically injected into the dentate gyrus for labeling of the newly generating neurons in control animals. Then two different HDAC6 inhibitor: Tubastatin A (0.5 mg/kg) or ACY-738 (HDAC6 inhibitor with a higher blood-brain-barrier permeability [24] , 5 mg/kg) were intraperitoneal injected every two days. Then, animals were sacrificed at 14 dpi for the analyzing the impact of HDAC6 suppression on the dendritic maturation of the newly generating neurons in vivo. We found there is significant reduction in the total dendritic length (Fig. 7b and c , p < 0.05 for the Tubastatin A and ACY-738 group vs. vehicle group) and the number of dendritic branches (Fig. 7b and d, p < 0.05) for the newly generating neurons.
Furthermore, to direct confirm the impact of HDAC6 dysfunction affect the maturation of the newly generating neurons in a cell autonomous manner, retroviruses expressing (short-hairpin RNAs) shRNA that genetic silencing of HDAC6 were applied. Experimentally, two HDAC6 shRNA sequences that reduce the expression level of HDAC6 effectively were expressed in retroviral labeled newly generating cells in control animals (Fig. 7e) . Then animals were sacrificed at 14 dpi to evaluate the impact of HDAC6 silencing on the dendritic maturation of the newly generating neurons in vivo. We found there is significant reduction in the total dendritic length (Fig. 7f and g , p < 0.05 for both shHDAC6 groups vs. shDsRed control) and the number of (Fig. 7f and h, p < 0.05) for the newly generating neurons.
Together, these biochemical analyses and in vivo dendritic maturation experiments provide strong evidence indicated the dysfunction of HDAC6 pathologically contributes to the aberrant dendritic maturation phenotypes after hypoxic challenge.
Proper function of HDAC6 is necessary for rehabilitation therapy induced functional recovery after stroke
Since we have shown the functional significance of HDAC6 pathologically in modulating the dendritic maturation of newly generating neurons after hypoxic challenge, it should be critical to answer if the proper function of HDAC6 activity for these newly generated neurons is required for rehabilitation therapy induced functional recovery after ischemic stroke (Fig. 8a and b) . We first investigated if the function of HDAC6 might be required by rehabilitation therapy induced normalization of aberrant dendritic maturation phenotypes of the newly generating neurons in the hypoxic brain.
Experimentally, retroviral labeling of newly generating neurons were applied at fourteen-days after sham-or MCAO-surgery and animals were sacrificed two weeks after retroviral injection for the morphological analyses of dendritic development of 14 dpi generating cells. Procedures of rehabilitation therapy were applied for two weeks and ACY-738 (5 mg/kg) or vehicle solvent were intraperitoneally injected every two days during the period of rehabilitation therapy to evaluate the influence of HDAC6 activity on the therapeutic benefits of rehabilitation therapy (Fig. 8a) . We first confirmed the effect of ACY-738 by evaluating the acetylated levels of α-tubulin, the results indicated that rehabilitation therapy significantly reversed the stroke induced hyper-acetylation of α-tubulin at 14 days after hypoxic challenge (Fig. 8c) . However, ACY-738 significantly attenuated the regulation of acetylated α-tubulin by rehabilitation therapy which strongly suggested the involvement of HDAC6 in its effects (Fig. 8c) .
And then morphological analyses indicated that rehabilitating training significantly reversed the dendritic phenotypes after MCAO challenge (Fig. 8d and e, dendritic length: MCAO-rehab-vehicle, 285.6 ± 15.4 μm vs. MCAO-Vehicle, 214.7 ± 19.2 μm, p < 0.05). However, such therapeutic benefits of rehabilitation therapy on dendritic phonotypes were substantially attenuated by the pharmacological inhibition of HDAC6 (Fig. 8d and e, dendritic length: MCAO-rehab-vehicle vs. MCAO-rehab-ACY-738, 215 ± 13.36 μm, p < 0.05).
Furthermore, the role of HDAC6 in rehabilitation therapy induced functional recovery of different neurological function after hypoxic challenge was also evaluated. Experimentally, a two-week period of rehabilitation therapy was applied between seven to twenty-one days after MCAO surgery and ACY-738 (5 mg/kg) or vehicle solvent were intraperitoneally injected every two days during the period of rehabilitation therapy to investigate the role of HDAC6 in functional recovery of the brain (Fig. 8b) . We found that rehabilitation therapy significantly reversed multiple neurological deficits at twenty-eight days after the hypoxic challenge; the pharmacological inhibition of HDAC6 significantly attenuated the rehabilitation therapy-induced reversal of multiple neurological deficits (Fig. 8f -h, p < 0.05 for both the adhesive removal task and objection location memory task for MCAO-rehab-ACY-738 vs. MCAO-rehab-vehicle at 28 days after MCAO surgery).-Together, these morphological and functional analyses provide strong evidence indicated that proper function of HDAC6 is required for rehabilitation therapy induced therapeutic benefits after hypoxic challenge.
Discussion
Promoting neurogenesis after cerebral ischemic stroke has become a topic of interest, as it is been reported that the adult brain has the capability to generate new neurons [6, 25] . Through the proper functional maturation, these newly generating cells gradually integrated into the existing neural circuitry and actively contribute to critical roles in various neurological functions [5, 26, 27] . Through the retroviral labeling and trace the maturation process of these generating neurons in the post-stroke brain, we provided strong evidence showing that the brain environment is actually not suitable for the proper growing of these cells which might explain the lack of successful clinical outcomes so far [28] .
Along with the in vivo findings of the aberrant dendritic phenotypes of newly generating neurons after stroke, our current study has provided some valuable information that may display highly clinical implications for promoting functional recovery of the brain after ischemic stroke. At first, even with a transient stroke protocol for only occluding the blood flow for thirty minutes, we found there is a long lasting (for few weeks) deleterious influence on the structural maturation of the newly generating neurons in the brain. Second, we provide evidence showing that the aberrant dendritic phenotypes can be reversed by rehabilitation therapy and the efficacy of functional recovery of neurological performance correlated with the normalization of dendritic phenotypes, which indicated the two events are functionally coupled. Third, our current study, to the best of our knowledge, is the first report to provide the pathological mechanism that contributes to the impaired maturation of adult neurogenesis after stroke. The aberrant nuclear translocation of HDAC6 contributes to the abnormal dendritic maturation and pathologically limits the functional recovery of the brain. These findings suggested a potential therapeutic strategy that targets HDAC6 for promoting functional recovery toward the patients with stroke in clinic.
In our current study, the retroviral-based single cell labeling approach was applied for the visualization of dynamic changes in dendritic arborization along the neuronal maturation process in vivo. As the subgranular zone (SGZ) of the dentate gyrus is the active neurogenic site in the adult brain and has been shown as a good model system for studying the dedicated maturation process of newly generating neurons in the adult brain [29] , retroviruses expressing codon-optimized green fluorescent protein (GFP) were utilized to label and birth-date the newly generating neurons in the adult brain [30, 31] . By taking advantage of the unique properties of retrovirus that target active dividing cells specifically, we are able to precisely trace a definite cohort of adult newly generating neurons and monitor their maturation process at precise time points after they were generated (birth-dating). Meanwhile, we have further optimized the retroviral system with ubiquitin promoter (Fig. 1a) to obtain a more stable and reliable expression of transgenes in the target population of newly generated neurons [32, 33] . Such techniques for morphological studies in vivo, later could be applied for the investigation of other neurodegenerative disorders and help to answer the un-identified pathology for the variety of neurological disorders.
For the rehabilitation therapy, we applied a recently validated rehabilitation protocol for rodents through the combination of task-specific motor rehabilitation therapy with cognitive intensive stimulus of environmental enrichment [34, 35] . Since the therapeutic benefits of neurorehabilitation training is usually task-specific and does not generalize to neurological improvement other than the ones trained, our rehabilitative procedure which is composed of sensory, motor and cognitive stimulation has recently been reported to elicit a synergistic therapeutic effect that promoting functional recovery of multiple neurological function effectively [35] . Based on such rehabilitation-training model that combined with our retroviral labeling of newborn neurons in vivo, we provide direct evidence showing the role of proper maturation of these newly generating neurons is functionally coupled to the therapeutic benefits of rehabilitation therapy.
Our major finding about the proper function of HDAC6 is required for functional recovery of the brain might provide a feasible therapeutic strategy for the unmet need of stroke therapy in clinic. As there is only one drug, the thrombolytic agent: rt-PA that available for the ischemic stroke in clinic. Actually the therapeutic benefit of rt-PA is the removal of thrombus at the acute phase (the golden hour) of ischemic challenge that restores the blood supply of the infarct area. And the transient MCAO stroke model we are using is in fact to mimic the brief interruption of regional blood supply by blood clots and then re-gain the blood flow after the occlusion for thirty minutes. And our data indicated that even a thirty-minute transient loss in regional blood supply (just like one received rt-PA within thirty-minute), there is still a long lasting (for few weeks) functional defeats mechanistically linked to the dysfunction of HDAC6 signaling. These findings suggested that the clinical stroke therapy of rt-PA should combine with the pharmacological approach that normalized the HDAC6 activity which the rt-PA could help to restore the blood supply during the acute phase of stroke challenge and the HDAC6 modulators provide chronic therapeutic benefits that promote functional recovery of the brain afterwards.
Neurons typically develop highly polarized dendritic and axonal morphology along their maturation process that support their functional integration into the complex network of neural circuitry. Accumulating evidence indicated that the dynamic remodeling of microtubules tightly regulates the building of dendritic arborization [15, 36] . As the acetylation levels on Lys40 of α-tubulin is a well-accepted marker of stabilized microtubule structures [16] , our current study provide novel findings indicated the aberrant translocation of HDAC6 which results in the hyper-acetylation of α-tubulin and dendritic maturation deficits after hypoxic challenge. There is now an extensive body of evidence demonstrating that HDAC6 may play critical roles in different neurodegenerative diseases such as Huntington's, Parkinson's and Alzheimer's disease [37] [38] [39] . However, either protective [40] or negative [24] roles of HDAC6 has been reported under different pathological conditions. Through previous study has indicated that HDAC6 might responsible for the sensing of environmental pathological stimulus and responding with the shuttling between cytoplasm and nucleus that modify the cellular signaling events dynamically between two cellular compartments [41] . However, further detail investigations are required for better understanding of the pathological contribution of HDAC6 in different neurodegenerative disorders.
For the experiments with pharmacological suppression of HDAC6 that ameliorates the beneficial effect of rehabilitation therapy on functional recovery of the brain. Although our data indicated a significant inhibition of rehabilitation therapy induced effect by ACY-738 which supports the conclusion of requirement of HDAC6 in rehabilitation therapy. However, we also noticed that the suppression of HDAC6 only partially inhibits the reversal of dendritic phenotypes and also the recovery of motor function is not significantly affected (Fig. 8) . These findings indicated that there might be other molecular mechanisms that could be activated by rehabilitation therapy and contributes to its therapeutic benefits. For example, it has recently been found that α-TAT 1 (or MEC-17) is the major tubulin acetyltransferase in the brain [42, 43] and its stability and expression level decrease significantly by the neuronal injury signal molecules [44] . These previous findings indicated that α-TAT 1 might be downregulated after ischemic stroke and partially contributes to the effect of rehabilitation therapy. Besides, although HDAC6 is the major deacetylation enzyme for α-tubulin, recent evidence indicated that Sirtuin 2 (SIRT2) is also highly expressed in the central nervous system and can function as a deacetylase for α-tubulin as well [45, 46] . Interestingly, a recent study has demonstrated an increase in Sirtuin 2 expression by enriched environment stimulation [47] . Further experiments are required to answer the possible roles of these molecular targets in the effect of rehabilitation therapy.
Conclusion
The results of this study provide direct evidence demonstrating a lasting loss in structural integrity of newly generating neurons after hypoxic challenge. Meanwhile, the aberrant phenotypes in dendritic maturation correlate with symptomatic impairment of functional recovery of the brain, which is pathologically linked to aberrant nuclear translocation of HDAC6 after stroke. Our current findings might provide a feasible therapeutic strategy that targets HDAC6 for promoting functional recovery toward the patients with stroke in clinic.
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